We demonstrate optoelectronic devices implemented on suspended p-n junction InGaN/GaN multiple quantum wells (MQWs) for the further monolithic integration of an optical source, a waveguide, and a photodetector on the same GaN-on-silicon wafer. The fabricated suspended membrane device exhibits selectable functionalities either for efficient light-emitting diodes (LEDs) or sensitive photodetectors. Typical current-voltage (I-V) characteristics are obtained for the device operated under the LED mode, and the emitted light intensity is effectively modulated by the applied voltage. Lateral in-plane propagation of emitted light in a suspended membrane is experimentally presented. The simulation results show that the thickness-dependent optical performance can be tuned by back wafer thinning for epitaxial films. The device operated under the photodetector mode exhibits a static photocurrent on-off ratio s of 2:25 Â 10 5 at a 1-V bias voltage with the illumination power of 690 W and the wavelength of 450 nm. The photocurrent also shows a rectangular pulse response of the same duration as a 1-s rectangular illumination pulse at a 0-V bias voltage with the illumination power of 1 mW. The temporal photocurrent on-off ratio t is around 1:01 Â 10 5 . This paper opens a promising way to realize the monolithic integration of a LED, a waveguide, and a photodetector on a GaN-on-silicon platform.
Introduction
The integration of light source, waveguide, and photodetector on one chip to realize optical interconnects is of great interest for compact photonic platforms with various functionalities [1] - [3] . It requires a material system with multiple optoelectronic functionalities to realize the monolithic integrated device [4] , [5] . Compact integrated photonic platforms have been extensively investigated in association with nanowire photonics and sophisticated growth technique [6] - [9] .
Brubaker et al. reported the on-chip optical interconnects using GaN-based nanowire [10] . Tchernycheva et al. demonstrated a photonic platform consisting of single wire light emitting diode (LED) and photodetectors optically coupled by waveguides based on metal-organic vaporphase epitaxy technique [11] . There is a growing demand to explore monolithic integrated photonic platforms based on micro fabrication process for further mass production. GaN-on-silicon platform with p-n junction InGaN/GaN multiple quantum wells (MQWs) may offer a good choice for this application [10] . InGaN/GaN MQWs LED on silicon substrate is fully commercial in recent years [12] . InGaN/GaN (MQWs) with p-n junction can also be used as photodetector when operated in off-state [4] , [13] - [16] . Both of LED and photodetector based on InGaN/GaN MQWs on silicon substrate have similar micro fabrication process. The motivation of integrating LED and photodetector on one chip is driven by using mature manufacturing tools and technology in silicon fabs. Well-established fabrication process of silicon fabs also can remove silicon substrate to achieve suspended membrane devices [17] , [18] , leading to high optical confinement of illumination light in photodetector owing to the high index contrast between GaN materials and air to improve the performance of photodetector.
We report the fabrication and characterization of suspended p-n junction InGaN/GaN MQWs optoelectronic devices with selectable functionalities on a GaN-on-silicon platform. Fig. 1(a) shows a schematic of suspended membrane device operated under LED mode. The silicon absorption of emitted light is eliminated by removing silicon substrate underneath emission region, then the emitted light is extracted from both top and bottom escape cones. The membrane optoelectronic device could also be used as a p-n junction photodetector to detect visible light. As illustrated in Fig. 1(b) , the device operated under photodetector mode is illuminated from the top and bottom side. The illumination light is confined into the suspended membrane which increase the light absorption of p-n junction InGaN/GaN MQWs. Therefore, the detection efficiency of membrane photodetector could be improved compared with photodetector with silicon substrate.
Results and Discussions
The suspended membrane p-n junction InGaN/GaN MQWs device is implemented on a commercial GaN-on-silicon wafer from Lattice Power Corporation. Fig. 2(a) shows the scanning electron microscope (SEM) image of the cross section of free-standing membrane device. The inset is the zoom-in image of top epitaxial films. The epitaxial films consist of ∼220 nm thick p-GaN layer, ∼250 nm InGaN/GaN MQWs, $ 3:2 m thick n-GaN layer, ∼400 nm thick undoped GaN layer and ∼900 nm thick Al(Ga)N buffer layer. The total thickness of top epitaxial films is $ 5:07 m. The detailed fabrication process is schematically illustrated in Fig. 2(b) [17], [18] . The silicon substrate is firstly thinned by chemical mechanical polishing process from 1500 m to 200 m (step a). Then, the top layer is patterned by photolithography, and etched down to n-type GaN layer with an etching depth of 1.3 m (step b). After removing residual photoresist, the processed top layer is defined by photolithography and thus, 5 nm Ni/15 nm Au films are evaporated onto the patterned structures by electron beam evaporation, and the semi-transparent p-electrode is formed through lift-off method (step c). Then, thick p-electrode (20 nm Ni/180 nm Au films) and n-electrode (20 nm Ti/180 nm Au films) are also obtained by lift-off respectively (steps d-e). After removing the residual resist, the suspended device is annealed at 500°C in air for 10 min to obtain ohmic contacts. The processed structures on top side are protected by thick photoresist. The silicon substrate underneath emission region is patterned from backside by photolithography and etched down to buffer layer by deep reactive ion etching, which forms the suspended membrane device (step f). Suspended epitaxial films are subsequently thinned from backside by reactive ion etching for III-V materials, and the membrane thickness is controlled by back wafer etching time (step g). Suspended membrane device with controllable thickness is finally generated by removing the residual photoresist. Fig. 3(a) shows the optical micrograph of fabricated suspended membrane p-n junction InGaN/GaN MQWs device. The width of mesa is 540 m, and the gap between the edge of mesa and n-electrode is 70 m. Diameter of circular membrane is 300 m, and diameter of circular semi-transparent p-electrode as emission region is 140 m. The experiment results presents the suspended membrane is strong and no cracks. Published studies have demonstrated GaN materials are promising for the development of large area suspended membrane devices owing to its stable mechanical, chemical and thermal properties [19] - [21] . Fig. 3(b) shows violet light is extracted from emission region when the device is operated under LED mode. The emitted light is also coupled into suspended membrane around the emission region owing to the light lateral propagation. The edge emission is observed at the upper edge of mesa as marked in Fig. 3 (b) [22] , [23] . However, light lateral propagation in other directions of mesa is finally absorbed by silicon substrate, and there is no edge emission at the other edges of mesa. The phenomenon of light lateral propagation and edge emission indicates the suspended membrane have significant potential to be applied as GaN-based waveguide to realize the on-chip optical interconnects between LED and photodetector [24] , [25] . The current-voltage (I-V) characteristics of suspended p-n junction InGaN/GaN MQWs device operated under LED mode are measured by a combination of a Cascade Summit 12000M probe station with a Keithley-4200 semiconductor parameter analyzer. Fig. 4(a) shows the typical I-V characteristics of suspended p-n junction InGaN/GaN MQWs device operated under LED mode. The forward voltages at the current of 0.2 mA, 5 mA and 20 mA are ∼2.7 V and ∼5.2 V and ∼6.75 V, respectively. The measured turn-on voltage are 3.75 V for suspended membrane LED. The device exhibits a typical and reliable I-V behavior as efficient LED. Electroluminescence (EL) behavior of suspended membrane LED is measured at room temperature in combination with a fibred-coupled Ocean Optics USB2000 spectrometer as illustrated in Fig. 4(b) . The EL peak wavelength is approximately 450 nm. The EL intensity is obviously improved along with the increasing of forward voltage from 7 V to 8.5 V. The ratio of the EL peak intensity between 8.5 V and 7 V is about 2.06. It indicates the intensity of emitted light could be strongly modulated by forward voltage. Because the electronic signal is transferred to optical signal by modulating the intensity of the emitted light to realize data transmission in visible light communications [26] , [27] . The modulation features of suspended membrane LED being feasible for onchip optical interconnects and free-space visible light communications applications.
The suspended membrane structures with controllable thickness offer a promising method to modulate the optical performance of optoelectronic devices by back wafer etching for epitaxial films. Fig. 5 shows the FDTD simulation results of thickness-dependent optical performance of suspended membrane LED. The contour legend from 0.0 to 1.0 presents the relative intensity of emitted light. A point-like source with 450 nm wavelength locates a short distance below the top GaN-air interface. The centered emitted light and fewer Fabry-Pérot modes are clearly distinguished for suspended membrane LED with thinner thickness [28] , [29] . The bottom emission of LED is also clearly presented in Fig. 5 . The lateral in-plane propagation of emitted light passing through suspended membrane is significantly enhanced along with the membrane thickness reduced from 4 m to 0.5 m. The strong confinement and lateral propagation of emitted light in membrane provide a reasonable approach for monolithic integration of LED and photodetector by suspended GaN-based waveguide. Moreover, back wafer thinning of suspended membrane is an effective way to improve light loss and diverging radiation pattern caused by thick epitaxial films [30] .
The I-V characteristics of membrane device operated under photodetector mode are measured by an Ekspla NT200 tunable laser. A fiber-coupled laser beam with 450 nm wavelength is used to illuminate the membrane photodetector from topside at room temperature. Fig. 6(a) shows the I-V characteristics versus illumination power. The photocurrent increases apparently along with the increasing of illumination power. The photocurrent saturation is obtained around 1 V bias voltage. The static photocurrent on/off ratio s is defined as s ¼ ðI light À I dark Þ=I dark , where I light and I dark are the saturation photocurrent under illumination and dark photocurrent, respectively. I light is À0:45 A at 1 V bias voltage with the illumination power of 690 w, and the I dark is −2 pA. The static photocurrent on/off ratio s is 2:25 Â 10 5 . Fig. 6(b) shows the current temporal trace of the suspended membrane photodetector. The photodetector applied with 0 V voltage is illuminated by a continuous laser beam with 450 nm wavelength and illumination power of 1 mW. A mechanical shutter is used to generate a 1 s rectangular illumination pulse. For rectangular illumination pulses, the photocurrent is approximated as a rectangular pulse of the same duration as the illumination pulse. The measured I light is À0:9 A, and the I dark is −8.85 pA. Hence, the temporal photocurrent on/off ratio t is around 1:01 Â 10 5 . Since the on/off ratio between photocurrent under illumination and dark current of up to five orders of magnitude is realized both in static illumination measurement and temporal illumination measurement. The large on/off ratio compared with silicon bulk devices since the large band gap nature of InGaN/ GaN MQW, and the MQWs photodetector also offers a feasible method to realize the low signal to noise ratio (SNR) [31] , [32] . Moreover a part of the illumination light is confined into the suspended membrane owing to the large refractive index contrast between GaN and air. Because the amount of illumination light is absorbed by silicon substrate under epitaxial films, the detection efficiency of membrane photodetector is improved compared with photodetector having silicon substrate.
Conclusion
We demonstrated a suspended p-n junction InGaN/GaN MQWs optoelectronics device with selectable functionalities. The fabricated device is implemented on a GaN-on-silicon platform. The silicon substrate underneath emission region is removed to form suspended membrane, and then epitaxial films are thinned by back wafer etching to control the membrane thickness. The typical I-V characteristics and power-dependent EL spectra is obtained when the suspended p-n junction InGaN/GaN MQWs device is operated under LED mode. The measured turn-on voltage are 3.75 V. The ratio of the EL peak intensity between 8.5 V and 7 V forward voltage is about 2.06. We experimentally observed the emitted light are coupled into suspended membrane around the emission region in all directions, and edge emission is generated by lateral in-plane propagation. The FDTD simulation results show the lateral in-plane propagation of emitted light passing through suspended membrane is significantly enhanced along with the membrane thickness reduced from 4 m to 0.5 m. The device operated under photodetector mode exhibits a power-dependent photocurrent response under illumination. The on/off ratio between photocurrent under illumination and dark current of is 2:25 Â 10 5 in static illumination measurement and 1:01 Â 10 5 in temporal illumination measurement respectively. This study opens a promising way to realize the monolithic integration of LED, waveguide, and photodetector in the visible range on a GaN-on-silicon platform.
